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Abstract 

Osteoporosis is a disease of the bones. It is often called the “silent disease," because 

someone could have it now or be at-risk without even realizing it. As a result, bones 

become weak and can break from a minor fall or, in serious cases, even from simple 

actions, like sneezing or bumping into furniture. Breaking a bone is often the first clue 

that someone suffers from osteoporosis. The diagnosis of osteoporosis can be made 

using conventional radiography and by measuring the Bone Mineral Density (BMD). 

The most popular method of measuring BMD is Dual-Energy X-ray Absorptiometry 

(DXA). 

In conventional methods the measurement of bone does not give information about 

the bone quality but for the bone quantity. A non-invasive method that will have the 

ability to determine the bone quality is of interest. Such a method will contribute to 

the prediction or even the prevention of bone malfunction.  

In this study, two quality parameters, that are designed to contribute to improved 

diagnostic methods of osteoporosis, are determined. Those bone quality parameters 

are the Calcium/Phosphate (Ca/P) and Hydroxyapatite/Collagen (HAp/Col) ratios. 

The algorithm developed allows us to trace the spectral changes which take place 

when an x-ray beam passes through filters based on the Lambert and Beer’s law. A 

large number of filters were applied to spectra so as to obtain pseudo-monoenergetic 

spectra. The optimum energy pair would derive from two quasi-monoenergetic 

spectra with sufficient number of photons which will result in the minimization of the 

Coefficient of Variation (CV) of the aforementioned ratios. Dual Energy x-ray 

method is used in order to obtain this energy pair. Both Single and Double exposure 

techniques are used. 
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Chapter 1 
Theoretical background 

 

1.1. Bones 

1.1.1. Anatomy and physiology 
The adult human skeleton has a total of 213 bones. Each bone constantly undergoes modeling 

during life to help it adapt to changing biomechanical forces, as well as remodeling to remove 

old, micro-damaged bone and replace it with new, mechanically stronger bone to help 

preserve bone strength. 

 

The four general categories of bones are long bones, short bones, flat bones, and irregular 

bones. Long bones include the clavicles, ulnae, metacarpals, femurs, tibiae, fibulae, 

metatarsals, and phalanges. Short bones include the carpal and tarsal bones, and patellae 

bones. Flat bones include the skull, mandible, scapulae, sternum, and ribs. Irregular bones 

include the vertebrae, sacrum, coccyx, and hyoid bone. 

 

The skeleton serves a variety of functions. The bones of the skeleton provide structural 

support for the rest of the body, permit movement and locomotion by providing levers for the 

muscles, protect vital internal organs and structures, and provide maintenance of mineral 

homeostasis. 

 

There are generally two types of bone tissue: trabecular and cortical. Cortical bone is the 

more dense tissue found on the surface of bones and trabecular bone is a highly porous 

structure that fills the proximal and distal ends of all long bones (e.g. femur or tibia) and is 

also present as a filler in other bones (e.g. in vertebral bodies). While at the molecular level 

both the cortical and trabecular bone are made of the same constituents, their overall 

mechanical properties are quite different (Jirousek 2012). 
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Fig. 1: Longitudinal cut through proximal part of human femur (Jiroušek 2012). 

 

1.1.2. Bone Growth, Modeling, and Remodeling 
The skeleton serves multiple functions. Bone modeling and remodeling preserve skeletal 

function throughout life. The bone remodeling unit normally couples bone resorption and 

formation. Bone matrix regulates bone mineralization. Bone strength depends on bone mass, 

geometry and composition, material properties, and microstructure. 

 

Modeling is the process by which bones change their overall shape in response to physiologic 

influences or mechanical forces, leading to gradual adjustment of the skeleton to the forces 

that it encounters. Bones may widen or change axis by removal or addition of bone to the 

appropriate surfaces by independent action of osteoblasts and osteoclasts in response to 

biomechanical forces. Bone modeling is less frequent than remodeling in adults. 

 

Bone remodeling is the process by which bone is renewed to maintain bone strength and 

mineral homeostasis. Remodeling involves continuous removal of discrete packets of old 

bone, replacement of these packets with newly synthesized proteinaceous matrix, and 

subsequent mineralization of the matrix to form new bone. The remodeling process resorbs 

old bone and forms new bone to prevent accumulation of bone micro-damage. Remodeling 

begins before birth and continues until death. The bone remodeling unit is composed of a 

tightly coupled group of osteoclasts and osteoblasts that sequentially carry out resorption of 

old bone and formation of new bone. Bone remodeling increases in premenopausal and early 
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postmenopausal women and then slows with further aging, but continues at a faster rate than 

in premenopausal women. Bone remodeling is thought to increase mildly in aging men 

(Clarke 2008). 

 

A large variety of molecules may affect bone cell activity. The most important molecules are 

osteoblasts and osteoclasts. Bone is a dynamic tissue that is constantly being reshaped by 

osteoblasts, which are in charge of production of matrix and mineral, and osteoclasts, which 

removes bone tissue by removing its mineralized matrix and breaking up the organic bone. 

The number of osteoblasts tends to decrease with age, affecting the balance of formation and 

resorption in the bone tissue, and potentially leading to osteoporosis. 

 

1.2. Osteoporosis  
For the diagnosis of any bone disorder must ascertain what characteristics of bone depend on 

the mechanical strength and what the relationship of these characteristics with the onset of 

clinical symptoms and findings (pain, fractures, etc.) is. Bone disorders can lead to a change 

of the physical properties, resulting in adverse effects in the organism. One of the most 

common metabolic bone disorders affecting a large number of people is primary and 

secondary osteoporosis. 

 

Osteoporosis is a systemic skeletal disease usually characterized by low BMD and 

destruction of bone tissue, leading to bone fragility and a consequent increase in the risk of 

fractures. It is referred as an asymptomatic disease, because patients can not feel or 

understand that their bones are getting weaker as the disease progresses (Fig.2). Usually, the 

diagnosis of a patient with chronic disease is not done until a related to osteoporosis fracture 

occur. Osteoporotic fractures have a significant impact on patients with regard to morbidity 

(kyphosis and disability), mortality and increased risk of forthcoming osteoporotic fractures. 
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Fig. 2: On the left is shown a normal bone, while on the right is shown a bone with osteoporosis. 

(http://www.women-health-info.com/635-Smoking-and-bones.html) 

 

 

Osteoporosis causes bones to become weak and brittle — so brittle that a fall or even mild 

stresses like bending over or coughing can cause a fracture. Osteoporosis-related fractures 

most commonly occur in the hip, wrist or spine. Bone is living tissue, which is constantly 

being absorbed and replaced. Osteoporosis occurs when the creation of new bone does not 

keep up with the removal of old bone.  

Bones are in a constant state of renewal — new bone is made and old bone is broken down. 

In youth, the body makes new bone faster than it breaks down old bone and the bone mass 

increases. Most people reach their peak bone mass by their early 20s. As people age, bone 

mass is lost faster than it is created.  

How likely someone is to develop osteoporosis depends partly on how much bone mass 

someone attained in his youth. The higher the peak bone mass, the more bone there is "in the 

bank" and the less likely someone is to develop osteoporosis as someone ages.  

Bone fractures, particularly in the spine or hip, are the most serious complication of 

osteoporosis. Hip fractures often result from a fall and can result in disability and even death 

from postoperative complications, especially in older adults.  
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In some cases, spinal fractures can occur even if you there was no fall. The bones that make 

up the spine (vertebrae) can weaken to the point that they may crumple, which can result in 

back pain, lost height and a hunched forward posture (Clarke 2008).  
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Chapter 2 
In vivo methods for quantitative and qualitative study of bone 
tissue 
 

2.1. Techniques 
There are a large number of techniques that have been developed for the in vivo study of 

bone tissue and each one of them offers different information for the bone. Those techniques 

can be divided into three categories depending on what they use to get information for the 

bone tissue. These categories are the following: 

 

1) x-γ ray techniques. Measures the attenuation or the scatter of x or γ rays from the 

bone components. 

2) Techniques with neutrons. They use the neutron activation caused by the neutrons in 

heavy elements of bone tissue. 

3) Techniques with ultrasound. Measure the attenuation of the ultrasound from the bone 

tissue in several frequencies or the velocity of the ultrasound in compact bone. 

 

 

X or γ ray attenuation techniques 
Common principal of the x or γ ray attenuation techniques for the study of bone mass is that 

their transition of human body leads to an interaction with the materials of human body with 

different phenomena, such as photoelectric phenomenon, Compton, etc. This interaction with 

matter has as a result the attenuation or the scatter of the incident x or γ ray. Such an 

attenuation material is the bone tissue. Many techniques have been devised based on the 

study of the attenuation or scattering of x or γ rays. 
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2.1.1. Quantitate Radiography 
The simple radiograph can diagnose the disease only after the patient suffers a long time from 

it. Even in situation where there is a fracture in the lumbar spine, the simple radiograph most 

of the times does not have the ability to diagnose the disease. The Quantitate Radiography 

does not have the suitable sensitivity for the detection of osteoporosis in early stages, 

however, is good enough for advanced osteoporosis. The necessity of high contrast in 

radiograph and constant thickness of the object, limits the bones that can be examined to 

those of the extremities. This method has serious disadvantages, such as that the film 

sensitivity is not the same through its whole surface, the mean energy of the radiation 

changes as the thickness of the object increases, the scatter of the object and the accuracy and 

the sensitivity of the method are low for bones that are covered by thick soft tissue.  

 

2.1.2. Radiogrammetry 
This method detects changes in the amount of cortical bone measuring the thickness. In 

radiogrammetry two quantities are measured: the total thickness of the bone and the thickness 

of the bone marrow. Then the measurements of the test are compared with those of a large 

population of normal people. The accuracy of the method is low because at the ends of the 

cortical bone is difficult to determine them because of the porosity of the cortical bone 

(Dickerson et al 1981). The porosity of cortical bone is particularly exhibited with aging and 

with several diseases. Radiogrammetry due to good reproducibility and low accuracy can 

only be used for the diagnosis of related changes in the volume of the bone and can detect the 

changes in the thickness of cortical bone only in cases of advanced osteoporosis. 

 

2.1.3. Quantitative Computed Tomography (QCT) 
The technology of QCT has been highly developed the recent years. The operating principal 

is the following: In an axial slice image the different materials are displayed with different 

gray levels depending on their CT number. The CT number shows the attenuation of the 

radiation caused by the different materials. With the use of a computer a Region of Interest 

(ROI) is selected and for this is calculated the bone density by taking into consideration the 

CT number of the ROI. The accuracy of the method depends on the scatter of the x-rays in 

the body, the presence of collagen or other materials and the beam hardening, and all these 

result in low accuracy. 
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2.1.4. Compton scattering 
The Compton scattering phenomenon has been used on its own or in combination with the 

photon absorption method for the study of bones. The operating principle is based on the 

following. If a pencil beam of radiation hits a material with a certain angle φ the counted 

photons by a detector due to Compton scattering, will all have the same energy and the 

intensity of the counted radiation I will be proportional to the possibility per electron for 

Compton scattering σe, to the electron density in material ρe and the volume V designated by 

the slices of the collimator and the detector. The principle of Compton scattering can be used 

in a γ-camera for the study of bone mass, in this technique an image is obtained from the 

scattering cased in the patient. For the measurements of bone density the optimum source 

combination is Gd-153 and Tm-170 (Piper et al 1973). The major source of errors is the 

multiple scattering in the measured tissue and the presence of organic constituents.  

 

2.1.5.  Single Photon Absorptiometry (SPA) 
With SPA the bone mass can be determined in vivo per cm of the length of the bone. Like 

quantitative radiography, SPA is based on that the attenuation of a photon beam is 

proportional to the amount of the bone mass passes through. In this method is usually used a 

linear spectrum from a radioactive source and instead of film a NaI scintillator is used. The 

object which will be examined is placed in water, above and below the object there is the 

crystal and the radioactive source properly shielded and aligned with the crystal. The 

intensity of a pencil beam of radiation that comes from the diaphragm of a shielded source 

penetrates the ingredients found in its way and is detected by the crystal. In order to 

determine the bone density, the intensity of the passing beam is recorded each time in one or 

more layers in each plane that are perpendicular to the axis of the bone. The disadvantage of 

this method is that there is no discrimination between compact and trabecular bone. As a 

result, this method has limited applications. Most of the times is examined the area between 

the radius and the ulna. The disadvantage of the method is the reproducibility which is 

increased due to the replacement of the patient, the electronics that are affected by the 

temperature and the operating time.  
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2.1.6. Dual Photon Absorptiometry (DPA) 
DPA is a widespread technique for the prognosis and monitoring of the osteoporotic 

syndrome. This technique was presented by Reed for the first time (Reed 1966). The 

principle of DPA is similar to this of SPA. This method uses two monoenergetic radioactive 

sources (Reed 1966, Roos et al 1970) or one radioactive source with two discrete energies 

(Mazess et al 1970, Prince et al, Wilson and Madsen 1977). Due to the fact that DPA uses 

two energies and considers two materials, soft tissue and bone, there is no need of constant 

soft tissue thickness and that results in no need for immersion in water. The fact that there is 

no need for immersion of the object in water, allows the measurement in several body parts. 

DPA has the potential, with successive scans in the whole body, to measure the bone mass of 

the hole body. The presences of materials that are not provided by the DPA model and have 

different behavior with radiation, such as collagen, generate systemic errors in the 

measurement.  

 

2.1.7. Dual Energy x-ray Absorptiometry (DEXA)  
DEXA and DPA are the most widely spread techniques for bone mass measurement. This 

technique has precisely the same principles of DPA, but in DEXA are used two beams each 

of a different energy, derived from radiographic tubes suitably shielded and not from 

radioisotopes. The two energies obtained from the tube using filters of Cerium-Samarium or 

changes of the tube voltage, or both at the same time (Wahner et al 1988, Mazess et al 1989). 

The greatest advantage of DEXA is that the x-ray tube allows greater radiation intensity, 

which can decrease the exposure time of the patient and also the use of a narrower x-ray, 

resulting in better resolution. Due to proper timing of the tube with the electronics of the 

system, each energy of the x-ray beam is detected by its own. This solves the problem caused 

by the scattered photons of the high energy when they are counted together with those of the 

lower energy. Another solution in this problem is the use of two crystals of Na(Tl), one 

suitable for the low energy and one suitable for the high energy. In this way, the separate 

detection of the two energies is achieved without the lower energy being affected by the 

scattering caused by the higher energy. The major drawback of this method is the instability 

of the x-ray tubes. The reproducibility of the method is better than this of DPA. However, in 

patients with osteoporosis is considerably decreased due to the small quantity of the bone 

mass. The precision of the method is better and the dose given to the patient is lower than the 

one of DPA.  
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2.1.8. Dual Energy x-ray method 
The conventional x-ray imaging can provide a representation of the object, in the case of 

tomography, in terms of the attenuation coefficient in the case of radiology from the 

attenuation caused by the material thickness. This information is not sufficient to accurately 

describe the observed object. In energy range used, the attenuation of X-rays is a combination 

of interactions between photons and matter: the photoelectric effect and Compton scattering. 

The two interactions and the relative contribution to the overall attenuation depend on energy. 

Thus, the measurements in two distinct energies, obtained in a similar way to that of DEXA, 

should allow the separation of the attenuation in the main components, which can be used to 

identify a material, and ultimately to produce an image for each material. Also, the technique 

of the two energies will be able to determine the thickness of a material or to produce contrast 

enhanced images. Note that measurements for the low (LE) and high energy (HE) must have 

been obtained in a similar geometry to allow numerical combination. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2 
 

  21 

2.2.   Comparison of the techniques 
The methods presented are used to identify changes in parameters of bone mass and each of 

these has significant advantages and disadvantages. 

 

The technique of quantitative radiography does not require the purchase of specialized 

equipment, can be applied to almost all the body parts but the poor reproducibility and 

accuracy of the method for quantification of bone mass significantly restricts its use. 

 

The bone radiographic method, which measures the thickness of the cortical bone, does not 

require the purchase of expensive equipment but despite its relative high accuracy and 

repeatability, is not indicative of the condition of bone mass in the spine or other porous 

bones of particular interest in prognosis of osteoporosis. 

 

Quantitative computed tomography has some serious advantages over other techniques, and 

most importantly it has the potential separation between cortical and trabecular bone thereby 

offering the possibility of measuring only the trabecular bone. The accuracy and precision of 

the method is modest and depend on the use of one or two energies for quantification. Serious 

disadvantage of the method is the high cost as it requires the use of CT. 

 

The techniques using Compton scattering do not require large amount of money to implement 

and have the opportunity to examine only trabecular bone but still needs a lot of effort to 

overcome technical problems. 

 

The techniques that use the principle of photon absorption (SPA, DPA, DEXA) for the 

determination of bone mass are quite interesting and have a fairly good accuracy and 

reproducibility, the cost is not prohibitive and clinical studies have shown their predictability 

in osteoporotic conditions. These advantages make them more widely used techniques in 

clinical routine. But the measured parameter of these techniques, bone mass per unit length, 

perhaps is not the best measurement of bone density, the Ca/P ratio or other parameters. The 

latest developments in these techniques are machines that use x-rays instead of radioisotopes 

thus reducing the measurement time of test and improving the reproducibility of the system. 

Nevertheless, the heterogeneous distribution of fat along the scan creates problems in the 

accuracy of the method. Another disadvantage of the method is the inability to measure only 

trabecular bone. 
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The advantage of techniques using two energies generated from x-ray (DEXA, Dual Energy 

x-ray) is that the tube allows much higher radiation intensity and thus can reduce the 

measurement time of the test and to use narrower beam radiation thereby allowing greater 

resolution in measurements. Another advantage of these methods is that the proper 

synchronization of the tube with the electronics of the system allows to each of the x-ray 

energies measured on its own, solving the problems created by the scattered photons of high 

energy when counted together with those of low energy. This has as a result the two energies 

to be recorded separately without being affected the low energy of the high energy scattering. 

In conclusion we can say that all these in vivo techniques beyond the ability to predict 

osteoporosis lay the basis for a more comprehensive study of bone metabolism, in normal and 

pathological conditions, which will help to plan more effective treatments for osteoporosis. 

Each new technique appears to contribute to this aim. Finally there is great potential for 

further development of each one of the aforementioned techniques offering a wide field of 

research. 
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Chapter 3 
Dual Energy in osteoporosis 
The diagnosis of osteoporosis is to assess bone mass and bone quality. But there are no 

sufficient tools for assessing the qualitative composition of bone in clinical practice rather 

than the determination of it. According to scientific research is indicated that emphasis must 

now be given on bone strength rather than bone mass, because the risk of fracture depends on 

the overall strength of the bone and not only on its density (Fondrk et al 1999). BMD is the 

classic method to determine the amount of bone, and to diagnose osteoporosis. Although the 

measurements of the inorganic mass determine the quantity of bone, the quality is an 

important indicator for fragility. It is crucial to study the micro-and macro-properties of the 

bone to fully understand its fragility in osteoporosis. 

 

BMD method, applied for the prognosis of osteoporosis, measures the amount of bone in the 

skeleton ignoring more complex issues related to quality. Bone quality which constitutes a 

measure of the architecture, geometry and material properties, is determined by mechanical, 

structural and chemical tests. The decrease in BMD may indicate risk of bone fragility in a 

clinical level; however changes in the internal structure of bone can determine how the 

quality changes in osteoporosis. 

 

Furthermore, using BMD as the only measurement the diagnosis may be unreliable because 

studies have shown a significant overlap in BMD of osteoporotic patients who did not suffer 

fractures and a sufficient number of healthy people suffered fractures (Dargent-Molina et al 

2003). For this reason, in recent years osteoporosis is not described as the disease with low 

bone density which implies a high risk of fracture (Wainwright et al 2001). The bone fragility 

is determined as a composite description of bone mechanical properties related directly 

proportional to the sensitivity of the bone in the fracture and inversely to its resilience. Thus, 

mechanical properties such as hardness, elasticity and resilience of the bone tissue can 

provide fragility quantitative measurements directly and be independent of the mass and the 

architecture of bone. Mechanical measurements, such as the above is not possible to be 

applied clinically, therefore there is a tendency of specialists to bypass and exclude them 

from their techniques. 
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A parameter that can determine the chemical form of bone is the Ca/P (Calcium / 

Phosphorus) ratio. Studies have shown that Ca/P ratio changes with age in people over 50 

years (Ellis 1990, Friedman 2006). Many chemical studies in experimental animals and 

human teeth showed a large variation in the molar ratio of Ca/P from 1.15 to 1.70 depending 

on the age, diet, etc (Rowles 1967). In vivo neutron activation analysis, led to a decrease in 

Ca/P ratio in cancer patients compared to healthy (Preston et al 1987). The reduction was 

17% for Ca and 9% for P. Additionally; there is a general perception that the chemical 

composition of bone in osteoporosis is not different from that of normal bone (Avioli and 

Lindsay 1990). 

 

In conventional DPA (Dual Photon Absorptiometry) but even in DXA the quantitative 

measurement of bone gives no information about the qualitative composition of the bone 

examined (Baltas et al 2005). Therefore, scientific research should be expanded to identify 

additionally qualitative characteristics that describe the malfunction of the bone. Moreover, in 

DXA should be applied strict protocols to ensure measurement accuracy and reproducibility 

which is a stimulus for continued alertness and control of the information of the system. Also, 

as the process of scanning used in DXA method introduce errors in measurement, it is 

necessary to avoid serious reproducibility errors. Those are created when the patient is 

replaced since bones with irregular shapes are usual to give differences in BMC (Bone 

Mineral Content) even in closely neighboring areas. Compared to a process where the Ca/P 

and/or HAp/Col (Hydroxyapatite /Collagen) ratio will be measured and the statistical 

procedure will be implemented, it is expected that the value of the ratio will not change 

substantially in neighboring areas. A new method, with qualitatively defined characteristics 

applicable either independently or in conjunction with DXA method may provide a solution 

to an important problem such as osteoporosis. 

 

The method of determination of the Ca/P ratio with γ radiation from two radioactive sources 

applied by Fountos et al 1997 gave satisfactory results, with values very close to the 

theoretical ones of the Ca/P ratio of the bones in the finger. Furthermore, Kounadi et al 1998 

showed that the change in the Ca/P ratio, in experimental animals, are associated with diets 

poor in Ca or P applying technical induction of osteoporosis with inflammation 

(Inflammatory Mediated Osteoporosis-IMO). Measurements of HAp/Col ratio performed by 

Tzaphlidou et al using the x-ray absorptiometry technique showed that this ratio could be 
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used as a qualitative indicator of bone. With the above technique the ratio Ca / P ratio was 

measured by Fountos et al 1999 with sufficient accuracy and reproducibility in radius. 

 

The ability for a reliable in vivo determination of Ca/P ratio and HAp/Col ratio, directly 

related to bone quality, with a non-invasive method, simple and with the lowest possible cost 

for the patient as for the radiation, is of interest and will contribute much to the study of bone 

metabolism and perhaps to predict or even prevent bone disorders (Grammaticos and Fountos 

2006). 

 

 

3.1. Single exposure technique 
In single shot configuration a single x-ray exposure of the patient is used to acquire low and 

high energy images. Specifically, the images are recorded by two stacked detectors separated 

by a copper filter plate. These detectors are usually CR detectors using storage phosphors. 

Due to the differential attenuation of x-ray photons in the front detector and the filter, the 

energy spectrum of x-ray photons that arrives at the rear detector is shifted toward higher 

energies relative to incident x ray spectrum. This effect serves as an energy selection 

mechanism. Accordingly, the rear detector records an image formed at higher average x-ray 

energy -referred as high energy image-, since the fluence creating the image is that 

transmitted through the front detector and the interspersing copper plate. The low-energy 

image is recorded by the front storage phosphor. The latent images are being read out using a 

conventional, clinical computed radiography plate scanner and the electronic data are 

transmitted over a PACS network to the image processing workstation for analysis. 

 

3.2. Double exposure technique 
The advent of Flat Panel Detectors (FPDs) in the late 1990s offered a promising technology 

for Dual Energy imaging, with high Detective Quantum Efficiency (DQE) and real-time 

readout offering the potential for Dual Energy imaging at high levels of imaging 

performance. Dual Energy imaging with an FPD uses a single detector with two exposures 

acquired at separate kVp. Termed dual exposure or “double-shot” imaging, the low-energy 

image is acquired at a low kVp (typically, 60 – 90 kVp) and the high-energy image at a high 

kVp (e.g., 120 – 150 kVp). The performance of FPD-based Dual Energy imaging is 

considerably higher than the single-shot technique (Avioli and Lindsay 1990), due in part to 
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the improved DQE of the FPD itself (compared to a storage phosphor), but also the lack of a 

metal intersperser (no loss of x-ray quanta), the increased spectral separation through 

independent selection of low- and high-kVp, and the application of differential added 

filtration between the low- and high-kVp beams (e.g., using a filter wheel of Aluminum or 

Copper). 

 

 

In this study for both cases, single and double exposure, K-edge filtering technique was used, 

in order to obtain spectra that are modified to be as narrow as possible. A dual kV technique 

was suggested by Rutt 1985, in which a Holmium (Ho) K-edge filter is added for the low kV 

beam. The Holmium filter narrows the low kV spectrum, resulting in greater energy 

difference between the two spectra as well as decrease beam-hardening effects, due to 

narrowing of the low-energy spectrum. The high kV beam is filtered with 9.8 mm of copper 

(Cu) to provide similar transmitted beam intensities at the detector. The use of Ho was also 

suggested by Kuhn 1982 who investigated the effects of both types of added filter materials 

conventional and K-edge filters. Yet another approach, suggested by Gustaffson et al 1974, is 

to use K-edge filters in both high and low kV beams to narrow both the low and high kV 

spectra. Some years later Koedooder and Venema 1986 and Nagel 1989 started a 

comprehensive study based primarily on computer simulations in order to clarify whether the 

asserted superiority of K-edge filters was justified, and they came to the same conclusions. 

Fountos et al 1999 examined a variety of filters with certain K-edges so as to obtain spectra 

with specific mean energies for the low and high energies. 

 

 

 

3.3. Two- energies versus three-energies case 
Considering three x-ray beams with different energies passing through an attenuator 

consisted of Ca, PO4 and H2O (or HAp, Col and H2O), each one attenuates depending on the 

energy of the radiation, the kind and the amount of the attenuating materials. 

The reason why this method cannot determine Ca/P and HAp/Col ratios is due to the fact that 

when three energies are used the third equation may be resulted as linear combination of the 
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other two. This was expected as the phenomena, on which the attenuation is based, in this 

energy range, are basically two: the photoelectric phenomenon and Compton. 

According to Alvarez and Macovski 1976, for energies from 40 to100keV the mass 

attenuation coefficient can be separated in two functions. The first describes the Compton 

phenomenon, while the second the photoelectric phenomenon. The Alvarez and Macovski 

equation is the following: 

퐦(퐄퐢) = 퐚퐜퐟퐜(퐄퐢) + 퐚퐩퐡퐟퐩퐡(퐄퐢)    (1) 

where ac and aph are constants depending only on the kind of the tissue, and fc(Ei), fph(Ei) are 

constants depending only on the energy of the radiation. 

For the fc(Ei) and fph(Ei) there have been suggested a number of equations, however the one 

mostly used is McCullough: 

퐦(퐄퐢) = 퐚퐜퐟퐊퐍(퐄퐢) + 퐚퐩퐡퐄 ퟑ.ퟐ    (2) 

where fKN is the Klein-Nishina function: 

퐟퐊퐍(퐄) =
ퟏ 퐝
퐝ퟐ

ퟐ ퟐ퐝
ퟏ ퟐ퐝

− ퟏ
퐝
퐥퐧(ퟏ + ퟐ퐝) + ퟏ

ퟐ퐝
퐥퐧(ퟏ + ퟐ퐝) − ퟏ ퟑ퐝

(ퟏ ퟐ퐝)ퟐ
  (3) 

The accuracy of the McCollough equation for energies from 30 to 200keV, compared to the 

attenuation coefficients exist in the Hubbell tables (Hubbell 1982), is approximately 1% for 

the soft tissues (Alvarez and Macovski 1976). 

According to the theory above it is impossible to find three linearly independent equations for 

the three energies. Hence, the third equation will always be a linear combination of the other 

two, so the three equation system cannot be solved. 
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Chapter 4 
Materials and Methods 
 

4.1. Analytical Model 
According to the simulation experiment two energies, one low and one high, pass through 

water only, in the first place, and afterwards through the bone of the finger and its inorganic 

constituent which is the Hydroxyapatite (HAp), described chemically as Ca10(PO4)6(OH)2. 

Two cases were examined: in the first case, the bone is considered to be consisted of Ca and 

P. In the second case, it is considered that the bone is consisted of HAp and Collagen (Col). 

The following figure is the schematic view of the simulation. 

 

 

Fig. 3: Incident radiation with intensity Io(Ei) is attenuated from a water bath or the water bath with the 

immersed materials and becomes Iw(Ei) and Ib(Ei) respectively. 

 

As it is shown in Fig.3, when the x-ray attenuates only from the presence of the water bath 

and if we assume that attenuates exponentially, the following equations calculate Iw for each 

of the two energies: 
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                               	퐈퐰(퐄ퟏ) = 퐈퐨(퐄ퟏ)퐞
퐦퐰퐝퐰퐱퐰                           (4) 

                               	퐈퐰(퐄ퟐ) = 퐈퐨(퐄ퟐ)퐞
퐦퐰퐝퐰퐱퐰                           (5) 

where Io is the radiation intensity in the air after the filtration of the spectrum, dw is the 

density of water considered equal to 1g/cm3,  and xw is the length of the water which was kept 

constant at 2.8cm.  

 

When the radiation attenuates from bone minerals and water, this attenuation is calculated 

with the following equations: 

          	퐈퐛(퐄ퟏ) = 퐈퐰(퐄ퟏ)퐞
퐦퐛(퐄ퟏ)퐌퐛 퐦퐰(퐄ퟏ)퐝퐰퐗퐰 퐦퐰(퐄ퟏ)퐝퐰퐗          (6) 

 

          	퐈퐛(퐄ퟐ) = 퐈퐰(퐄ퟐ)퐞
퐦퐛(퐄ퟐ)퐌퐛 퐦퐰(퐄ퟐ)퐝퐰퐗퐰 퐦퐰(퐄ퟐ)퐝퐰퐗          (7) 

where mb(E1), mb(E2) are the mass attenuation coefficients of the bone minerals for the energies 

E1 and E2 respectively, Mb is the areal density of the bone minerals and is equal to 

0.535g/cm2. 

 

Considering the length of the water constant at 2.8cm, Xw was calculated as follows: 

 

                                        퐗퐰 = 퐗 − 퐌퐛

퐝퐛
                                 (8) 

 

where db is the bone mineral density. Using the values given, Xw is equal to 2.63cm. 

 

In order to find the optimum energy pair having the best reproducibility, CVCa/P and CVHAp/Col 

were calculated for every possible energy pair. The calculations of CVs of the ratios were 

made using the following equations (Fountos et al 1997, Tzaphlidou et al): 
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4.2. X-ray spectra 
The sections below analyze the principles for the single and double exposure techniques. The 

inherent and additional filtrations used in this study are also analyzed below. 

 

4.2.1. Irradiation process 
The photon spectrum from a conventional x-ray tube consists of a broadband of energies. 

Although it is possible to use detectors with vary narrow energy resolution, e.g., high-purity 

germanium,(Jonson et al 1986) to resolve the broadband spectrum into low- and high-energy 

components, the more common approach is to shape the spectrum emitted from the source 

into two relatively narrow energy bands. This can be accomplished in three ways: K-edge 



Chapter 4 
 

  32 

filtering (Rutt 1985, Jacobson 1986, Rutt 1987), kV switching (Reiss et al 1973, Sartoris et al 

1985, Stein et al 1987), or a combination of both (Gustaffson et al 1974, Rutt 1987). 
 

4.2.1.1.  Single Exposure 
The output from the x-ray tube is filtered by a material having a K-shell absorption edge near 

the midpoint of the energy spectrum. Selective attenuation of photons just above the 

absorption edge creates a transmitted spectrum consisting of two relatively narrow energy 

bands. Only a single exposure is required with K-edge filtering because both energies are 

present simultaneously in the radiation beam. Fig.4 illustrates the principles of K-edge 

filtering. 

 

 

Fig. 4: Modification of the unattenuated spectrum in single exposure. 

 

4.2.1.2.  Double Exposure 
Dual-kV techniques employ two sequential measurements at different kilovoltages, typically 

with different beam filters mechanically moved into and out of the beam between exposures. 

Dual-kV techniques require two separate exposures; however, no energy discrimination is 

required in the detector. The added filtration selectively removes lower-energy photons from 

the high-kV beam and also provide similar beam intensities at the detector, which otherwise 

would be much greater for the high-kV beam (Sorenson et al 1989). Yet another approach, 

suggested by Gustaffson et al 1974, is to use K-edge filters in both the high- and low kV 

beams to narrow both the low- and high-kV spectra. Fig.5 shows an example of dual-kV 

technique. 
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Fig. 5: Modification of low- and high-kV beam in dual exposure. 

 
 

4.2.2. Filtering process 
For the determination of varying filter thicknesses and maximum tube voltages an algorithm 

was developed. The algorithm simulated filtered spectra with a variety of filter thicknesses 

and kVp. The unfiltered spectra were obtained from Boone et al 1997 for a Tungsten (W) 

anode. The range of kVp used is 40-120kV, in 10keV increments. Table 1 shows the inherent 

filtration for the kVps used in this study according to Boone. 
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Table 1: Aluminum inherent filtration of used kVp values 

kVp 
Aluminum (Al) filtration 

(μm) 

40 870 

50 843 

60 736 

70 629 

80 626 

90 620 

100 594 

110 584 

120 561 

 

 

The spectrum of an x-ray tube with given anode and filter material can be influenced by two 

parameters, the tube voltage and the thickness of the filter. The tube voltage is responsible for 

the maximum energy of the spectrum, whereas the filter mainly controls the low energy side 

of the spectrum. Therefore, optimization with real spectra leads to a tube voltage above and 

close to the optimum quantum energy and to a thick filter, which narrows the spectrum 

(Bernhard et al 2006). For the single exposure technique, the kVp range that was used is 40-

120kVp. In the double exposure technique this range was divided as follows: for the LE the 

range was 40-70kVp and for the HE it was 80-120kVp. 

 

Within the framework of the Research Program ARCHIMEDES III “Novel applications of 

x-ray dual energy for early diagnosis in osteoporosis, mammography and angiography” a 

monoenergetic study was accomplished. This study investigated all the energy pairs from 

15keV to 120keV, in 1keV increments. The optimum energy pair for the Ca/P ratio is 23keV 

and 75keV for the LE and HE, respectively. As for the HAp/Col ratio, the optimum energy 

pair is 24keV and 75keV for the LE and HE, respectively. The low energy ranged from 

15keV to 69keV where the high energy ranged from 37keV to 120keV. 

 

The simulation with the polychromatic spectra was made with all the lanthanide filters with 

Atomic Numbers (Z) from 57 to 70 and K-edges ranging from 38.92keV to 61.33keV. The 
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filters that were used for the simulation of LE are Palladium (Pd, Z=46, K-edge 24.35keV), 

Silver (Ag, Z=47, K-edge 25.51keV), and Cadmium (Cd, Z=48, K-edge 26.71keV). Iridium 

(Ir, Z=77, K-edge 76.1) is the only filter used for the simulation of HE that does not belong to 

the lanthanide filters. All the filters were examined for thicknesses that ranged from 100μm to 

1000μm, in 50μm increments. 

 

For the determination of the filtered spectra it was considered the following exponential 

attenuation (Lambert and Beer’s law): 

 

                     	퐈퐟퐢퐥퐭퐞퐫퐞퐝(퐄) =	 퐈퐨(퐄) ∗ 퐞
훍
훒(횬)훒퐟퐢퐥퐭퐞퐫퐭퐟퐢퐥퐭퐞퐫                  (11) 

                                         

where Io is the photon fluence per unit energy E incident on the surface of the filter, Ifiltered is 

the photon fluence transmitted per unit energy E, μ/ρ is the mass attenuation coefficient of the 

filter material at energy E, ρ is the density of the filter material (g/cm3), and t is the thickness 

of the filter. 
 

 

4.2.3. Computer software 
An algorithm was developed for this study in order to obtain the filtered spectra that were 

used for the determination of CVCa/P and CVHAp/Col. The subsections below present the 

coefficients that were used as inputs for the calculations of the algorithm. 

 

4.2.3.1. Mass coefficients 

4.2.3.1.1.  Mass attenuation coefficient 
The use of a monoenergetic, high photon flux x-ray beam allows high resolution and high 

signal-to-noise ratio imaging (Salome et al 1999). In the study of hard tissue such as bone, it 

is particularly useful because of its ability to accurately measure the linear attenuation 

coefficient (Davis and Wong 1996, Salome et al 1999, Tzaphlidou et al 2005). The 

normalization of linear attenuation coefficient (μ) by the density (ρ) of the material is defined 

as the mass attenuation coefficient (cm2/g).   
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The mass attenuation coefficients for the filter materials were calculated from published data 

on attenuation coefficients by National Institute of Standards and Technology (NIST) 

(Hubbell and Seltzer 1996). The mass attenuation coefficient values (μ/ρ) were then 

multiplied by the density (ρ) of the appropriate material to obtain the linear attenuation 

coefficients. 
 

Fig.6 shows the mass attenuation coefficient of Ca, which is one of the attenuators for CVCa/P 

ratio and also one of the constituents of Hydroxyapatite. 

 

 
Fig. 6: Mass attenuation coefficient graphical representation of Ca at each energy. 

 

 

4.2.3.1.2.   Mass energy absorption coefficient 
The mass energy absorption coefficient,  휇 휌 (cm2/g), considers the probability of electric 

recoil electrons interacting with the medium and creating bremsstrahlung radiation (created in 

the same way as energetic electrons interact in the target of the x-ray tube produce x-rays) 

that can radiate away from the site of interaction. Re-emission of bremsstrahlung energy 

mainly occurs with recoil electrons having kinetic energies and within high-Z absorbers. The 

mass energy absorption coefficients were computed using a program called XMuDat having 

tabulated data by NIST (Hubbell and Seltzer 1996, Nowotny 1998). 
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4.2.3.1.3. Attenuation coefficient for compounds  
Attenuation coefficients for compounds (more than one element, assumed homogenous) can 

be calculated with the following equations: 

 

                            훍 훒 =
∑ 퐧퐀퐖퐢퐢 (훍 훒)퐢

퐌퐖
                                       (12) 

and 

                            퐌퐖 = ∑퐧퐀퐖퐢                                       (13) 

 

where AWi is the atomic weight of the ith element of the compound, n is the number of atoms 

of the ith element of the compound, MW is the molecular weight of the compound and (μ/ρ)i 

is the attenuation or absorption coefficient of the ith element of the compound at energy E 

(Κανδαράκης et al 2007). The mass attenuation coefficients of the elements were computed 

with XMuDat program using NIST as data source, as well (Hubbell and Seltzer 1996, 

Nowotny 1998). 

 

4.2.3.1.4.   Effective mass attenuation coefficient 
As it is already stated, an x-ray tube produces x-ray spectra. For the calculation of CVCa/P and 

CVHAp/Col using x-ray spectra there should be an attenuation coefficient which is indicative for 

every spectrum. For this reason, the effective mass attenuation coefficient replaced the mass 

attenuation coefficient. The equation by which μ/ρeff was calculated is the following: 

 

                   (훍 훒)퐞퐟퐟 =
∑ 퐈퐟퐢퐥퐭(퐄)

훍
훒퐜퐨퐦퐩퐨퐮퐧퐝(퐄)

퐄퐦퐚퐱
퐄퐦퐢퐧

∑ 퐈퐟퐢퐥퐭(퐄)
퐄퐦퐚퐱
퐄퐦퐢퐧

                        (14) 

 

 

The effective mass attenuation coefficient values (μ/ρeff) were then multiplied by the density 

(ρ) of the appropriate material to obtain the linear effective attenuation coefficients. 

 

4.2.3.1.5.   Determination of attenuated intensity 
According to this study, the x-ray passes through a finger and its inorganic constituent, HAp. 

The chemical formula that describes HAp is Ca10(PO4)6(OH)2. Except from HAp, the x-ray 

attenuates also from the presence of other compounds, such as water and Collagen. The 
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density values used for those materials were obtained from published data and are listed in 

Table 2.  

 
 

Table 2: Materials and their densities used in the numerical computations 

Materials Densities (g/cm3) 

Ca10P6O26H2 3.18* 

Water 1 

Collagen (H7C51N16O24) 1.38** 
      *Gong et al 1964 
      **Sorenson 1990 

 

 

Figs.7 & 8 show the mass attenuation coefficients for PO4 and Water which are the two of 

the three attenuators for the first ratio studied. Mass attenuation coefficients are plotted as a 

function of energy E (keV).  

 

Fig. 7: Mass attenuation coefficient graphical representation of PO4 at each energy. 
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Fig. 8: Mass attenuation coefficient graphical representation of water at each energy. 

 

The following Figs. show the mass attenuation coefficients for the compounds of the second 

ratio studied. In Fig.9 is shown the mass attenuation coefficient for HAp, where in Fig.10 is 

shown the mass attenuation coefficient of Col an energy unit E (keV). 

 
Fig. 9: Graphic of HAp mass attenuation coefficient at each energy. 
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Fig. 10: Graphic of HAp mass attenuation coefficient at each energy. 

 

 

4.2.3.2.  X-ray spectra parameters 
The filtered spectra should meet certain criteria so as to be considered suitable for the 

calculation of the CV of the ratios. The evaluation was accomplished with the following 

quality parameters: 

 

i. Mean Energy: ME is the sum of the intensities multiplied with the corresponding energy 

value over the sum of the intensities of a filtered spectrum. 

	

                  퐌퐄 = ∑ 퐈퐟퐢퐥(퐄퐢)∙퐄퐢
∑ 퐈퐟퐢퐥(퐄퐢)퐄퐦퐚퐱
퐄퐦퐢퐧

퐄퐦퐚퐱
퐄퐦퐢퐧                              (15) 

   

where Ei is every energy value existing in the spectrum (keV), IfilteredEi is the number of 

photons per mm2 of the filtered spectrum corresponding to each energy E, and Ifilteredtotal 

is the sum of photons per mm2 over all the filtered spectrum.  

 

ii. The Full Width at Half Maximum: FWHM is an expression of the extent of a function, 

given by the difference between the two extreme values of the independent variable at 
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which the dependent variable is equal to half of its maximum value. The convention of 

"width" meaning "half maximum" is also widely used.  

 
The FWHM in this study is calculated with the following formula: 

 

                                              퐅퐖퐇퐌	 = 	퐱ퟐ − 퐱ퟏ                           (16) 

 

 
iii. Total Counts: The sum of the intensities over a filtered spectrum. 

      	

                             퐓퐂 = ∑ 퐈퐟퐢퐥(퐄)퐄퐦퐚퐱
퐄퐦퐢퐧                             (17) 

 

where ΣIfiltered is the sum of the number of photons per mm2 over all the filtered spectrum, 

and 퐸 is the mean energy of the filtered spectrum. 

 

iv. The Root Mean Square Error: The root-mean-square error (RMSE) is a frequently 

used measure of the differences between values predicted by a model or an estimator and 

the values actually observed. These individual differences are called residuals when the 

calculations are performed over the data sample that was used for estimation, and are 

called prediction errors when computed out-of-sample. The RMSE serves to aggregate 

the magnitudes of the errors in predictions for various times into a single measure of 

predictive power. RMSE is a good measure of accuracy, but only to compare forecasting 

errors of different models for a particular variable and not between variables, as it is 

scale-dependent. 

     	

                  퐑퐌퐒퐄 = 횺퐈퐟퐢퐥(푬풊 퐄)ퟐ

횺퐈퐟퐢퐥푬풊
			                                   (18)           
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where IfilteredEi is the number of photons per mm2 of the filtered spectrum corresponding 

to each energy E. 

 

v. Coefficient of Variation of incident photons: For a number of counts I, the 

theoretically prospective % reproducibility CV was calculated as follows: 

 

                   퐂퐕퐈퐢퐧퐜(%) =
퐈퐢퐧퐜
퐈퐢퐧퐜

                                           (19) 

 

 

 

 

4.2.3.3.  Normalization of spectra 
A number of dose surveys (Shrimpton et al 1986, Schandorf and Tetteh 1998, Muhogora et al 

1999, Almen et al 2000, Veit et al 2000) have revealed large patient dose variations for 

patients undergoing the same type of diagnostic x-ray examination. Also many of the 

measured doses in the upper part of the dose range may represent radiation levels that are 

unnecessarily high. It may also be true that many doses in the lower part may result in poor 

image quality. It is therefore important to assess levels of image quality in relation to patient 

dose, in order to be able to indicate low dose levels that will still produce images of 

acceptable quality. According to Radiation Protection rules the upper limit for entrance 

exposure is 6mGy (European Commission 1996). For this study the selected upper entrance 

exposure limit is 4mGy. This exposure was considered to be the total entrance exposure for 

the patient from both low and high energy. 

 

For the calculations in computer software the entrance exposure after the filtration was 

studied in order not to exceed 456mR, which correspond to 4mGy. The consideration of the 

entrance exposure was developed with two methods.  
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4.2.3.3.1.   Calculated entrance exposure 
In this method, it was assumed that the simulation was done with a typical x-ray tube that can 

be found in every hospital. In order to obtain the unfiltered spectra from Boone et al, it was 

mandatory to give as an input the exposure. For its determination, the output was calculated 

with the following equation (Kothan and Tungjai 2011): 

 

퐎퐮퐭퐩퐮퐭(퐦퐑) = 퐊 퐦퐑
퐦퐀퐬 (퐤퐕퐩ퟐ) ퟏ ∗ 퐤퐕퐩ퟐ ∗ 퐦퐀퐬     (20) 

 

For the solution of equation (20), tube data from the Department of Medical Radiologic 

Technology of Technological Institution of Athens, with the help of the Associate Professor 

Mr. Athanasios Bakas, were taken.  

 

Table 3: Radiation doses from “CPI CMP 200” radiographic system 

A/A KVp mAs (max) mR/mAs 
1 50 630 2.3185 
2 60 630 3.5593 
3 70 630 4.9200 
4 80 630 6.4080 
5 90 630 8.0500 
6 100 630  9.7205 
7 110 560 11.608 

 8 120 500 13.630 
 

 

For this study the mAs value was selected to be 200 for all the kVp that were examined. To 

determine K values, mR/mAs was plotted as a function of kVp2 that is indicated in Fig.11. 

The slope of the plotted mR/mAs as a function of kVp2 represents the K value. We found that 

K value equaled to 9.10*10-4 (mR/mAs)(kVp2)-1. 
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Fig. 11: The relationship between mR/mAs and kVp2. 

 

The values of the output were for source to chamber distance equal to 100cm. With the 

inverse square law we computed the value that corresponds to 35cm distance.  

This output value was set as an input for the obtainment of the unfiltered spectra. After the 

appliance of the filters, the entrance exposure was calculated with the following equation 

(Abbene et al 2007, Michail et al 2011): 

         퐗(퐦퐑) = ∑ ퟏ. ퟖퟑ ∗ ퟏퟎ-6 *Φ0(Ε)*Ε* μen

ρ
(E) air

퐄퐦퐚퐱
퐄퐦퐢퐧         (21) 

where Φο(Ε) is the intensity of the filtered spectrum (photons/mm2) at energy E, (μen(E)/ρ)air  

is the mass attenuation coefficient of the air at energy E obtained from literature (Greening 

1985).   

 

4.2.3.3.2.   Fixed entrance exposure 
In this method, it was considered that the simulation was done with an x-ray tube that can 

produce spectra with such an exposure that in a distance of 35cm from the source the after 

filtration total exposure would be 4mGy. The acquisition of the unfiltered spectra was 

performed by a different process than the one already described. The spectra were obtained 

with 2mGy for all the kVp in the case of double exposure, and with 4mGy in the case of 

single exposure.  
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After the filters were applied, the entrance exposure was calculated with equation (21) in 

order to find the exposure loss by the filter. With the calculation of the value of the exposure 

loss, the filtered spectra were normalized so as to have 2mGy or 4mGy -depending on the 

case- as the unfiltered ones.  

 

4.3. Computer simulations 
The investigation was primarily performed using the spectra filtering simulation technique. 

X-ray spectra were obtained from Boone et al for a Tungsten anode x-ray tube with the 

filtration mentioned in subsection 4.2.2. The computer program allows us to trace the spectral 

changes which take place when an x-ray beam passes through filters based on the Lambert 

and Beer’s law. Our simulation program provides values for the following parameters: (i) 

Incident photon fluence, (ii) Mean energy, (iii) FWHM, (iv)CVIinc and (v) RMSE.  

 

It should be mentioned that CVIinc should be lower than 0.3% (CVIinc<0.3%), which 

corresponds to 100000 photons. As for mean energies, they should be as close as possible the 

ones were given by the monoenergetic study (from 15keV to 69keV for the low energy, from 

37keV to 120keV for the high energy). The spectra that fulfilled those criteria, and had the 

lower FWHM values, where those used as input for the calculation of CVCa/P and CVHAp/Col. 

 

The analysis presented here permits the choice to be optimized such that some critical 

parameter is minimized (Johns and Yaffe 1985); in this study, we have chosen to minimize 

CVIinc, CVCa/P and CVHAp/Col, in the case of calculated entrance exposure, and CVCa/P and 

CVHAp/Col, in the case of fixed entrance exposure. 
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Chapter 5 
 

Results 
In this study, a large number of filters and tube voltages were examined with the aim of the 

obtainment of quasi-monochromatic x-ray spectra with an adequate number of photons 

(CVIinc<0.3%) and CVCa/P and CVHAp/Col lower than 3%. We therefore have to deal with an 

optimization problem as these magnitudes can never be best simultaneously.  

 

5.1. Filtering process  
The aim of the algorithm that was developed was to examine all the filter materials, filter 

thicknesses and kVp values so as to give as output quasi-monochromatic spectra acquired by 

combinations of these that fulfill the criteria were set (mean energy, FWHM, CVIinc etc.).  

 

The filtered spectra were examined in order to be separated which of these are suitable for 

single or double exposure technique. This separation was accomplished according to their 

shape. The same spectrum filtered with the same filter material, different filter thicknesses, at 

the same kVp, was considered suitable for one of the two techniques for each thickness. 

Fig.12 shows the effect of filter thickness on a spectrum filtered with different thicknesses of 

Ce at 70kVp. 

 

  
Fig. 12: Spectrum filtered with (a) 450μm and (b) 1000μm Ce at 70kVp. 

 

The spectrum shown in Fig.12 (a) was considered suitable for single exposure technique, 

while the one shown in Fig.12 (b) was considered suitable for double exposure technique. 
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There were also spectra filtered with the same filter material and thickness at different kVp 

that presented entirely different behavior even if the change between the kVp values was only 

10keV. Fig.13 shows the influence of shifting the kVp value from 40kVp to 50kVp on a 

spectrum filtered with 400μm Cd.  

 

 
Fig. 13: Spectrum filtered with 400μm Cd at (a) 40kVp and (b) 50kVp. 

 

 

If a filter is applied to a spectrum with different thicknesses, the shape of the spectrum is not 

the only thing that will be affected. By increasing the filter thickness, the spectrum is not only 

become narrower but also with less number of photons. Fig.14 shows spectra for a 60kVp x-

ray beam filtered with 600μm and 1000μm, respectively.  
 

 
Fig. 14: Spectrum filtered with (a) 600μm and (b) 1000μm Ho at 60kVp. 

  

The plots above illustrate the change in spectral quality when a thicker filter is used. The 

most visual characteristic is the increasing monochromaticity of the filtered beam with the 

thicker filter. The FWHM of the x-ray beam filtered with 600μm Ho is 6 while the FWHM of 
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the x-ray beam filtered with 1000μm Ho is 3. In addition to that change, as would be 

expected, leads to a sufficient reduction in the level of the detected photons. Due to the fact 

that filter thickness is inversely proportional to the number of photons, there was made an 

effort to be a compromise between these two in order to have the best possible result. 

 

The effect of a thick filter is to eliminate lower energy photons, with the higher energy 

photons eliminated by the K-edge absorption. Consequently the mean energy is concentrated 

around the K-edge of the filter material. Using the same filter –thick enough so as to increase 

monochromaticity- the mean energy of the spectrum, along with FWHM, is changed. Fig.15 

shows the impact of kVp shifting on mean energy in each technique.  

 

 
Fig. 15: Spectra filtered with (a) 1000μm Er at 90kVp, (b) 1000μm Er 110kVp, (c) 900μm Ce at 100kVp, and (d) 

900μm Ce at 120kVp. 

 

 

In double exposure technique, kVp shifting upwards results in beam hardening and increased 

mean energy. In Fig.15 (a) & (b) with the Er filtered spectra, the mean energy value from 

54keV becomes 59keV. As for single exposure technique, there is a small increase in mean 

energy of LE, while there is sufficient increase in mean energy of HE. In Fig.15 (c) & (d) 

with the Ce filtered spectra, the mean energy value of low energy from 37keV becomes 
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38keV, while for high energy from 80keV becomes 91keV. In addition to that, in double 

exposure technique FWHM decreases with increasing kVp value, from 3 becomes 1. In the 

case of single exposure technique, FWHM of LE does not increase sufficiently-or does not 

increase at all-as in Ce filtered spectra where both FWHM are 2, whereas in HE there is a 

sufficient increase in FWHM –becomes 35 from 26- when the kVp value is increased.  

 

Indeed, the combination of double exposure technique with K-edge filtration to narrow the 

low kVp spectrum (Rutt 1985), can provide performance characteristics that are comparable 

in virtual all respects to single exposure K-edge techniques. The high kVp spectrum obtained 

from the combination of double exposure technique with K-edge filtration can be narrowed 

just as well as the low kVp spectrum. However, this is not happening in the combination of 

single exposure technique with K-edge filtration. The applause of thicker filter material at the 

same kVp, leads to a reduction in the level of the detected photons without sufficient 

narrowing of the spectrum, especially in the high energy range. 

 

 

5.2.   CVCa/P and CVHAp/Col determination 
The filtered spectra examined, as described above, and assessed as suitable for either single 

or double exposure technique, were used as an input for the calculation of CVCa/P and 

CVHAp/Col. The optimization was made by minimizing CVIinc, CVCa/P and CVHAp/Col, in the 

case of calculated entrance exposure, and CVCa/P and CVHAp/Col, in the case of fixed entrance 

exposure. The following are the results for each quality parameter in each technique used. 

 

5.2.1. CVCa/P 

5.2.1.1. Calculated entrance exposure 
As it has already mentioned, in this technique the entrance exposure is calculated on the 

surface of the finger, with maximum acceptable value set to be 4mGy. The following plots 

illustrate the best results for single and double exposure techniques. 

5.2.1.1.1.  Single Exposure technique 
Three spectra filtered with two filter materials are those that gave the best results for single 

exposure technique. Fig.16(a) shows a spectrum at 120kVp filtered with 1000μm Ho. The 

mean energies are 51keV and 99keV for the low and high energy, respectively, while the 
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entrance exposure is 2.03mGy and the CVCa/P equal to 0.7673%. Fig.16(b) shows a spectrum 

at 80kVp filtered with 850μm Ce. The mean energies are 37keV for the low energy and 

67keV for the high energy. The CVCa/P value is 0.2077%, and the entrance exposure is 

1.38mGy. Finally, Fig.16(c) shows a Ce filtered spectrum with 900μm at 100kVp. The mean 

energies are 37keV and 79keV for the low and high energy, respectively, with a CVCa/P value 

equal to 0.3016% and entrance exposure equal to 2.62mGy. 

 

Fig. 16: Spectra filtered with (a) 1000μm Ho at 120kVp, (b) 850μm Ce at 80kVp and (c) 900μm Ce at 100kVp. 

As it obvious, the spectrum filtered with 850μm Ce is the one that gave the best results 

compared to the other two. Both the CVCa/P and the exposure values are the lowest among the 

others. 

 

5.2.1.1.2.  Double Exposure technique 
The figure below shows the best results obtained from the double exposure technique. 

Fig.17(a) & (b) show the modified spectra filtered with Ce and Ir, respectively. The low 

energy spectrum (Fig.17(a)) is filtered with 800μm Ce at 50kVp and its mean energy is 

37keV. As for the high energy, a 100kVp spectrum filtered with 500μm Ir (Fig.17(b)) was 
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the one combined with the Ce filtered spectrum, with mean energy equal to 68keV. The total 

entrance exposure of this combination is 1.75mGy and the CVCa/P value is 0.8700%. 

 

Fig.17(c) & (d) illustrate the other combination that gave acceptable results. Fig.17(c) shows 

the low energy spectrum filtered with 600μm Ho at 70kVp with mean energy equal to 49keV. 

Fig.17(d) shows the high energy spectrum filtered with 500μm Ir at 100kVp resulting in a 

68keV mean energy. A CVCa/P of 1.2482% and a total exposure 3.29mGy are the results of 

Ho-Ir combination. 

 
Fig. 17: Spectrum filtered with (a) 800μm Ce at 50kVp combined with a (b) 500μm Ir filtered spectrum at 

100kVp,  and (c) 600μm Ho filtered spectrum at 70kVp combined with a (d) 500μm Ir filtered spectrum at 

100kVp. 

 

 

 

 

The selection of the thickness for the Ir filtered spectrum is presented below. 
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Fig. 18: (a) CVIinc and (b) FWHM as a function of surface density for Ir at 100kVp. 

 

As it is illustrated in the plots above (Fig.18), Ir minimizes CVIinc over the whole surface 

density range. The surface density range over which CVCa/P is lower than 3% is from 

0.0032g/cm2 to 0.0168 g/cm2, which correspond to 100 to 500μm thickness. According to 

that, it is obvious why the thickness of 500μm is the one selected as the best among the 

others, as it minimizes CVIinc and has the lower FWHM value compared with the ones 

correspond to thicknesses from 100μm to 400μm. 

Tables 4 & 5 present values of kVp, thickness (μm), mean energy and FWHM of indicative 

spectra filtered with Ho and Ce as those are the only filters gave acceptable results according 

to the criteria set. The spectra are for both single and double exposure techniques. 

 

Table 4: Indicative spectra of Ho performance 

Technique kVp Thickness 
(μm) 

Mean Energy 
(keV) FWHM 

   LE HE LE HE 

Single 
exposure 

90 950 51 79 5 12 
100 1000 51 86 4 15 
110 950 51 92 4 20 
120 1000 51 99 4 25 

Double 
exposure 

70 500 48 11 
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In single exposure, Ho can be used to the maximum extent of the kVp range chosen in this 

study. In double exposure, Ho can be used only at 70kVp and 80kVp. In fact, Ho at 80kVp 

will not be accepted in terms of the total entrance exposure due to the fact that after the 

filtration applause the exposure is over 3mGy. For this reason no filter can be found which 

combined along with it will give a total entrance exposure of 4mGy. For kVp values lower 

than 70kV, Ho should not be used as a K-edge filter as its K-edge is at 55.6keV. 

 

Table 5: Indicative spectra of Ce performance 

Technique kVp Thickness 
(μm) 

Mean Energy 
(keV) FWHM 

   LE HE LE HE 

Single 
exposure 

70 800 37 61 3 9 
80 950 38 68 2 13 
90 900 38 74 2 19 
100 900 38 80 2 26 
110 1000 38 87 2 27 
120 1000 38 92 2 34 

Double 
exposure 50 500 36 6 

60 400 36 6 
 

 

The K-edge of Ce is at 40.4keV. This is the reason why this filter cannot be used as low filter 

for double exposure at 40kVp, but only at 50kVp and 60kVp. In upper kVp, Ce can be used 

in single exposure technique. It should be mentioned that Ce is a filter that after its applause 

to the spectrum the exposure that is measured is relatively high in the case of double 

exposure. This fact makes it difficult for Ce to be combined with other filters so to result in 

acceptable values according to this study. 

 

5.2.1.2. Fixed entrance exposure 
In fixed entrance exposure the total entrance exposure was set to be always equal to 4mGy. 

The plots presented below are the ones with the best CVs for both single and double exposure 

technique.  
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5.2.1.2.1.  Single Exposure technique 
Fig.19(a) shows a spectrum at 110kVp filtered with 850μm Sm. The mean energy values are 

43keV and 88keV for the low and high energy, respectively. The CVCa/P is equal to 0.3883%. 

Fig.19(b) shows a spectrum filtered with 1000μm Ce at 90kVp with mean energies 38keV,  

for the low energy, and 75keV, for the high energy. A CVCa/P equal to 0.6483% was the 

result of the Ce filtered spectrum. 

 

 

 

Fig. 19: Spectra filtered with (a) 850μm Sm at 110kVp and (b) 1000μm Ce at 90kVp. 

 

5.2.1.2.2. Double Exposure technique 
Fig.20(a) shows a spectrum filtered with 900μm Cd at 40kVp combined with the spectrum of 

Fig.20(b), a 110kVp spectrum filtered with 1000μm Yb. The mean energies of these spectra 

are 25keV and 59keV for the low and high energy, respectively, giving a 0.5455% CVCa/P. 

Fig.20(c) & (d) show a 60kVp spectrum filtered with 900μm Sm combined with a 120kVp 

spectrum filtered with 1000μm Er for the low and high energy, respectively. The mean 

energy of the Sm filtered spectrum is 43keV while for Er filtered spectrum is 66keV. The 

CVCa/P of the Sm-Er combination is equal to 1.0293%.  
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Fig. 20: Spectrum filtered with (a) 900μm Cd at 40kVp combined with (b) a 110kVp spectrum filtered with 

1000μm Yb, and spectrum filtered with (c) 900μm Sm at 60kVp combined with (d) a 120kVp spectrum filtered 

with 1000μm Er.  

 

The following plots illustrate how CVCa/P varies with the change of high energy kVp values 

for Cd-Yb and Sm-Er filter combinations. Keeping Cd constant at 40kVp with 900μm 

thickness, Fig.21(a) shows the CVCa/P values of its combination with 1000μm Yb over all the 

high energy kVp range examined. In the same manner, in Fig.21(b) is shown how CVCa/P 

varies with the change of high energy kVp values for Sm-Er filter combination with Sm at 

60kVp with a thickness of 900μm and Er at 120kVp with a 1000μm thickness. 
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Fig. 21: CVCa/P values of (a) Cd-Yb combination with Cd at 40kVp, and (b) Sm-Er combination with Sm at 

60kV, over the whole range of HE. 

 

 

5.2.2.  CVHAp/Col 

5.2.2.1. Calculated entrance exposure 
Here are presented the best results for CVHAp/Col. The results for this category are almost the 

same of those of CVCa/p, as the filters had acceptable results for the calculated entrance 

exposure case were only a few. 

 

5.2.2.1.1. Single Exposure technique 
Compared to CVCa/p, only Ce filter had acceptable values for CVHAp/Col. The filtered spectra 

that had CVHAp/Col values lower than 3% and considered acceptable from the criteria that have 

been already mentioned, are the 850μm Ce filtered spectrum at 80kVp of Fig.16(b) with a 

CVHAp/Col equal to 0.6932%, and the 900μm Ce filtered spectrum at 100kVp of Fig.16(c) 

with a CVHAp/Col of 0.8244%. 

 

The following plot shows how CVHAp/Col and CVCa/P vary over the surface density range of Ce 

at 100kVp. It is obvious that CVCa/P has lower values compared to CVHAp/Col throughout the 

whole surface density range.  
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Fig. 22: Plots of CVCa/P and CVHAp/Col of Ce filter as a function of surface density. 

 

5.2.2.1.2.  Double Exposure technique 
Compared to the single exposure technique, in double exposure technique the only 

combination gave acceptable results is a 800μm Ce filtered spectrum at 50kVp with a 

100kVp spectrum filtered with 500μm Ir shown in Fig.17(c) & (d). The CVHAp/Col value of 

this combination equals to 2.1961% with a 1.75mGy total entrance surface exposure. 

 

 

5.2.2.2. Fixed entrance exposure 
The plots presented below are the ones with the best results of CVHAp/Col for the case of fixed 

entrance exposure for both single and double exposure techniques. 

 

5.2.2.2.1. Single Exposure technique 
Fig.23(a) shows a spectrum filtered with 1000μm Ho at 110kVp with a CVHAp/Col of 

1.8553% and mean energies of 51keV and 93keV for the low and the high energy, 

respectively. Fig.23(b) illustrates a 120kVp spectrum filtered with 1000μm Ce. A CVHAp/Col 

of 1.3119% was the result of this spectrum with mean energies of 38keV and 92keV for the 

low and the high energy, respectively.  
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Fig. 23: Spectra filtered with (a) 1000μm Ho at 110kVp and (b) 1000μm Ce at 120kVp. 

 

 

5.2.2.2.2. Double Exposure technique 
Fig.24(a) & (b) show a 70kVp spectrum filtered with 900μm Sm combined with a 110kVp 

spectrum filtered with 1000μm Ir with mean energies of 73keV and 72keV for the low and 

the high energy, respectively. The CVHAp/Col value of this combination equals to 1.7732%. 

Fig.24(c) shows a 60kVp spectrum filtered with 750μm Ce with a mean energy of 37keV, 

which is combined with a 120kVp spectrum filtered with 1000μm Yb, shown in Fig.24(d), 

with a mean energy of 63keV. This combination resulted in a CVHAp/Col value of 1.9123%. 
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Fig. 24: Spectrum filtered with (a) 900μm Sm at 70kVp combined with (b) a 110kVp spectrum filtered with 

1000μm Ir, and spectrum filtered with (c) 750μm Ce at 60kVp combined with (d) a 120kVp spectrum filtered 

with 1000μm Yb.  
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Chapter 6 
 

Discussion 
 

A rational approach to the clinical problem of osteoporosis would require reliable measures 

of the dynamic and statistic strength of the skeleton. Measurement of bone mineral content is 

generally accepted as an appropriate estimate of bone strength. Changes in the amounts of Ca 

and P in biological apatites do not go hand-in-hand; therefore, a decrease in bone density may 

be due to a decrease in either Ca or P, or to dissimilar decreases in both (Tzaphlidou et al 

2006). Consequently, the determination of the Ca/P and HAp/Col ratios may provide a 

sensitive measure of bone mineral changes and may add to our understanding of the changes 

occurring in bone disease.  

 
In this study, the CV of Ca/P and HAp/Col ratios is determined with the use of Dual Energy 

x-ray method. X-ray spectra of a Tungsten anode are filtered with all the lanthanide filters 

and Cd, Ag, Pd and Ir in order to obtain quasi-monochromatic spectra with K-edge filtering 

technique. Both single and double exposure techniques are used for the selection of the 

optimum energy pair that minimizes the CVCa/P and CVHAp/Col, which should have values 

lower than 3%, and CVIinc, which should be lower than 0.3%. The whole process is 

accomplished for calculated entrance exposure (maximum total entrance exposure 4mGy) 

and fixed entrance exposure (total entrance exposure fixed at 4mGy). Our simulations 

indicate that a variety of x-ray kV and anode/ K-edge filter combinations can be used for 

bone densitometry, with performance characteristics comparable and in some cases better 

than previous studies (Fountos et al 1997, Tzaphlidou et al). 

 

The lanthanide filters were selected in this study as a sharp cutoff is evident in detected 

photons at energies higher than the K-edges of the respective lanthanide filters, leading to 

more quasi-monochromatic spectra when compared to the filter materials with both lower and 

higher K-edge energies (Crotty et al 2007). Note that due to the complexity of the 

mathematical model, in all computations of CVCa/P and CVHAp/Col, mass attenuation 

coefficient μ/ρ was replaced by effective mass attenuation coefficient (μ/ρeff). By creating 
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quasi-monochromatic spectra, the use of μ/ρeff leads to more precise results in CVCa/P and 

CVHAp/Col determination. 

 

The best results for CVCa/P in the method of the calculated entrance exposure and single 

exposure technique is a 80kVp spectrum filtered with 850μm Ce and a CVCa/P of 0.2077%, 

while in the case of double exposure technique is a 50kVp spectrum filtered with 800μm Ce 

combined with a 100kVp spectrum filtered with 500μm Ir and a CVCa/P of 0.8700%. For fixed 

entrance exposure, in single exposure technique the best result is an 850μm Sm filtered 

spectrum at 110kVp with a CVCa/P equal to 0.3883%, whereas in double exposure technique 

is an 900μm Cd filtered spectrum at 40kVp combined with an 1000μm Yb filtered spectrum 

at 110kVp resulting in a CVCa/P of 0.5455%.  

 

As for the CVHAp/Col, in the method of the calculated entrance exposure, in both single and 

double exposure techniques the best results are the same as in CVCa/P, with a CVHAp/Col of 

0.6932% and 2.1961%, respectively. In the method of fixed entrance exposure, a 1000μm Ce 

filtered spectrum at 120kVp and a CVHAp/Col of 1.3119% is the best result for single exposure 

technique. For the double exposure technique, a 900μm Sm filtered spectrum at 70kVp 

combined with a 1000μm Ir filtered spectrum at 110kVp resulted in a CVHAp/Col of 1.7732%.  

 

It is obvious that the CVHAp/Col is always higher than the CVCa/P, however, its values are still 

acceptable. The fact that this quality parameter is not widely studied can be explained as the 

maturity of the mineral phase is also related to the amount of substitutions in the crystal 

lattice of Hydroxyapatite, being carbonate the most abundant in bone. Carbonate to phosphate 

ratio seems good indicator of the bone turnover and remodeling activity (Isaksson et al 2010). 
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Future work 
The work presented throughout the present study, included an x-ray irradiation simulation of 

a finger and the development of dual energy algorithms. Future work will include simulation 

for other body parts, such as radius, hip neck and lumbar spine. In addition to that, Taylor 

series will be used for better assessment of the filtered spectra, as the use of μ/ρeff does not 

take into consideration the shape of the spectrum. In this way, the results of CVCa/P and 

CVHAp/Col will be more accurate. 
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